Abstract. Pulsars are known to be efficient accelerators that produce copious amounts of relativistic particles and inject them into the Galactic medium. The radiation emitted by such a pulsar wind can be seen from radio through γ-rays as a pulsar-wind nebula (PWN). Here we overview and summarize recent progress in X-ray and TeV observations of PWNe.
Along with supernovae and microquasars, pulsars are among the primary sources of the leptonic cosmic rays. The energies of the pulsar wind electrons and positrons range from ∼ <1 GeV to ∼1 PeV, placing their synchrotron and inverse Compton (IC) emission into radio-X-ray and GeV-TeV bands, respectively. This multiwavelength emission can be seen as a pulsar-wind nebula (PWN; see [1] and [2] for reviews). During the last decade, observations with modern X-ray and TeV observatories have dramatically increased the number of known PWNe whose properties are summarized in this review.
As of December 2009, about 60 PWNe associated with known radio or γ-ray pulsars have been detected. We have compiled the properties of these PWNe and their host pulsars in Tables 1 and 2 . In most cases we have reanalyzed the X-ray PWN properties to ensure the uniformity of the analysis. The luminosities, spectral slopes, and sizes of the TeV PWNe have been taken from publications as well as from recent conference presentations. Because of the page limit, we mainly discuss the luminosities and, very briefly, spectra and sizes of these PWNe.
We see from Table 2 that the TeV PWN sizes generally increase with pulsar age while the X-ray PWN sizes 1 show an opposite trend. Moreover, for pulsars older than ∼ 10 kyr the sizes of the TeV PWNe are typically 100-1000 times larger than the sizes of the X-ray PWNe, while the difference is only a factor of a few for some younger pulsars (e.g., Crab). This suggests that the aged and cooled electrons (mainly seen through their synchrotron emission in radio and IC emission in TeV) have propagated, through advection and/or diffusion, farther away from the pulsar than the recently injected electrons, responsible for the X-ray synchrotron nebulae. While comparing the X-ray and TeV PWNe, one should take into account that larger numbers of electrons have been produced earlier in the pulsar's life (the electron production rate ∝Ė(t) ∝ E 0 (1 + t/τ 0 ) −(n+1)/(n−1) , where n is the pulsar's braking index and τ 0 is the initial spin- down timescale; e.g., [1] ). This picture is further complicated by environmental effects and pulsar motion. For instance, the ambient pressure that confines a slowly-moving PWN, is much greater in a star-forming region than in low-density regions above the Galactic plane; high-speed pulsars are accompanied by long tails with higher bulk flow velocities compared to more isotropic PWNe around slowly-moving pulsars; pressure gradients inside a supernova remnant or interaction with its reverse shock can affect the PWN shape. In addition, the ambient radio/IR radiation density may vary and affect the properties of the IC radiation emitted by the pulsar wind. In many cases, significant offsets between the centroid of the extended TeV source and the neighboring pulsar's position may be attributed to the interaction with the asymmetric reverse shock or to a locally non-uniform distribution of the ambient matter/radiation. The large sizes of these TeV sources and the large offsets may sometimes lead to false associations with pulsars, especially if there is no preferential extension of the X-ray PWN toward the TeV source center. The X-ray and TeV spectra of PWNe are often approximated by power-law (PL) models with different slopes. If the electron spectral energy distribution (SED) can be approximated by a single PL, dN(ε) ∝ ε −p dε, then both the synchrotron (X-ray) and IC (TeV) spectra should have the same slopes, F ν ∝ ν −Γ+1 , where the photon index Γ = (p + 1)/2. However, one can see from Table 2 that the spectra of X-ray PWNe are systematically harder than those of their TeV counterparts, which can be attributed to the evolution of the electron SED. Indeed, Chandra observations of bright, well-resolved PWNe have shown that the synchrotron spectrum varies significantly with the distance from the pulsar (due to the radiation and expansion energy losses), and therefore a single PL approximation to the X-ray spectrum becomes inapplicable if a large enough volume ) obtained from spectral fits to the PWN spectra or estimated from the pulsar's dispersion measure assuming 10% interstellar medium ionization (in square brackets for the latter case). In a few cases upper limits are given based on the galactic HI column density.
† Logarithm of PWN luminosity in the 0.5-8 keV band. The quoted errors are purely statistical, they do not include the distance errors. For bright PWNe (e.g., ## 2, 8, 16), we quote the luminosity of the PWN "core" restricted to the torus/arcs regions. For the PWNe with extended tails (## 39, 42, 48, 53, 54, 55, 58) we quote only the luminosity of the bright "bullet" component. For ## 36, 45 and 46, faint extended emission is seen around the pulsar but its luminosity is very uncertain; we use ±0.50 dex as a conservative estimate for the uncertainty. * * Logarithm of PWN (or candidate) luminosity in the 1-10 TeV band. ‡ Photon index of TeV spectrum determined from a power-law model. The fits are not good (e.g., an exponential cutoff is required or the spectral slope is nonuniform) in the cases marked by the superscript ? . The values in square brackets were assumed for estimating L γ . § Size of X-ray PWN "core" in which the PWN X-ray properties listed in this table were measured. ¶ Size of TeV source. If the source is unresolved, we quote the upper limit on l γ .
Offset between the X-ray and TeV components. † † The PWN/PSR X-ray properties listed here were measured by ourselves (except for ## 2, 5, 6, 10, 37, 47, 49 and 51), but we cite recent relevant papers when available.
around the pulsar is considered. Also, the IC spectrum may deviate from a PL at large energies due to the intrinsic upper boundary of the electron SED, or due to the cooling effects. In addition to the spectral differences caused by the cooling and boundary effects, one should keep in mind that while the intensity of the synchrotron component depends on the magnetic field strength, the IC intensity depends on the ambient radiation density instead. Therefore, there is no reason to expect direct proportionality between the X-ray and TeV fluxes of a particular PWN, and indeed we see little correlation between the X-ray and TeV luminosities (Fig. 1, panel A) . Yet, the X-rays, observed from the innermost PWN region, and TeV γ-rays, produced throughout the entire PWN volume, can be related in a model that takes into account the pulsar wind history (e.g., the evolution ofĖ and the PWN size), its spatially varying properties, and local radiation density. While measured from spatially different regions of a PWN, the X-ray and TeV luminosities in Table 2 still can be used to test such models as long as the observed values are compared with the model values calculated for appropriate PWN zones and time intervals. There have been a number of analytical models that take into account either the spatial dependence (e.g., [76, 77] ) or time-dependence (e.g., [78, 79] ) of the PWN properties but rarely both ( [80] ). In panels C and D of Figure 1 we show the dependences of the luminosities L X and L γ onĖ. As expected, we do not see an obvious correlation between L γ andĖ, which likely reflects the fact that the TeV luminosity depends on the history of the pulsar spin-down rather than on the currentĖ. An additional scatter is expected due to the differences in the local IR background and the uncertain distances. Most of the 1-10 TeV luminosities cluster in the range of 10 33 -10 35 erg s −1 , a much narrower span than that attained by the X-ray luminosities shown in another panel. The L X versusĖ plot does show some correlation between the two; however, the more objects are included the larger the scatter becomes, weakening the correlation. It seems very unlikely that a factor of 10 4 scatter at a givenĖ could be explained by varying environment (e.g., ambient pressure) or differences in pulsar velocities. Some "hidden" pulsar parameters (e.g., the angle between the rotation and magnetic axis, or the topology of the NS magnetic field) may instead govern the efficiency of the magnetic-to-kinetic energy conversion and, as a result, the X-ray efficiencies of PWNe (see also [2] ). In Figure 1 (panel B) we also plot the distance-independent L γ /L X as a function of spin-down age τ, which shows a hint of positive correlation between the two, at younger ages. This correlation can be explained by the correlation between L X andĖ (hence the anti-correlation between L X and τ). These results are in general agreement with the recent findings of [82] based on a smaller sample of PWNe. At log τ ∼ > 4.5 the dependence of L γ /L X on τ appears to level off as expected from the simple model of [82] . This trend, however, shows a large scatter, which might be attributed to the magnetic and radiation fields being different for different objects.
To conclude, multiwavelength observations of PWNe are crucial because they provide identifications for VHE sources and reveal the true energetics and composition of pulsar winds. In addition to X-ray and TeV observations, there is an opportunity to detect the IC PWN component with Fermi in GeV, where even old objects are expected to exhibit uncooled IC spectrum which should be more directly linked to the radio synchrotron component. The data accumulation must be complemented by development of multizone models of PWN evolution, essential for understanding the role of pulsar winds in seeding the Galaxy with energetic particles and magnetic fields.
